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Two-dimensional materials have received great attention after the discovery of graphene. It has not 
only outstanding electrical, thermal properties but also many advantages for device application such as 
flexibility.  
Here, we report that first, polar distortion can occur only by the symmetry breaking of a very simple 
collinear spin ordering in a low dimensional system lacking translation. Second, multistate material can 
be designed by giving intrinsic structural anisotropy to the single state ferroelectric material. 
For the first work, we have shown that in the materials with an odd number of magnetic layers, and 
with strong covalent bonds of constituent atoms, such as FGT, spin-phonon coupling results in the 
formation of a giant polar distortion(~0.2Å) in various antiferromagnetic meta states where translation 
cannot be compensated by using Fe3GeTe2 monolayer as a model system. This order is much larger than 
the normal spin origin polar distortion (~ 0.01Å)1 and even larger than the polar distortion of 
conventional ferroelectric materials such as BaTiO3 and BiFeO32, 3. It is expected that not only FGT 
but also materials with strong bonding between atoms and low-dimensional characteristics of two-
dimension and odd layers can exhibit a huge polar distortion due to change of magnetic state. The 
formation of a large ferroelectric by simple collinear spin ordering in a low dimensional system will 
open a new chapter in the discovery and application of new states of low dimensional materials as a 
general method applied to all two-dimensional materials4. 
For the second work, we mixed GeTe and SnTe which are experimentally confirmed as ferroelectric 
material5, 6 to make the structural anisotropic material. we used GeSnTe2 that imaginary material which 
have in-plane structural anisotropy as a model system. For this anisotropic mixing structure, a-
directional polarization and b-directional polarization of GeSnTe2 is not the same anymore. This two 
different polarization values and barrier energies of a-directional and b-directional polarized phase 
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II. Computation method 
 
2.1 Density Functional Theory 
 
All the materials are made up of atoms, which consist of a large number of electrons and nuclei. The 
reason for the different properties of materials is that the bonding states of the atoms arranged inside 
are different and the more basic reason is that the surrounding electrons that mediate the bonding of 
atoms have different characteristics. Therefore, to understand the properties of a material, it is necessary 
to understand the behaviors of electrons and nuclei in the material. In principle, we can describe all the 
behaviors of electrons and nuclei using the Schrodinger equation and obtain the properties of the system 
by solving the Schrodinger equation. However, it is practically impossible to solve the Schrodinger 
equation of a system containing many electrons and nuclei. To solve this problem, several 
approximations were introduced. The first one is Born-Oppenheimer approximation. It is assumed that 
the nucleus which is several thousand times heavier than an electron is fixed thereby the Hamiltonian 


















In the Hamiltonian, the first, second and third terms describe the kinetic energy of each electron, the 
interaction energy between each electron and the collection of atomic nuclei, and the interaction energy 
between different electrons, respectively. However, we still have difficulties solving the equation 
exactly in many electrons system because the individual electron wave function cannot be found without 
simultaneously considering the individual electron wave functions associated with all the other 
electrons.  
Density functional theory is simply a theory that the ground state total energy and any physical 
properties of a system with many electrons can be obtained by knowing only ground state electron 










2.1.1 The Hohenberg-Kohn Theorems 
 
Hohenberg-Kohn proved that  
I. The external potential (𝑉𝑒𝑥𝑡) is a unique functional of the electron density (n(r)).  
II. A universal functional for the energy E[n] can be defined in terms of the density. The exact 
ground state is the global minimum value of this functional, and the density that minimizes 
the total energy is the exact ground state density. 
 
Since the wavefunction and Hamiltonian is uniquely determined by external potential, the ground 
state total energy and all other the ground state properties are determined by electron density. We can 
write the total energy 
 
E[n(r)] = ∫𝑉𝑒𝑥𝑡(𝑟)𝑛(𝑟)𝑑𝑟 + 𝑇[𝑛(𝑟)] + 𝐸𝑒𝑒[𝑛(𝑟)] =  ∫𝑉𝑒𝑥𝑡(𝑟)𝑛(𝑟)𝑑𝑟 + 𝐹[𝑛(𝑟)] 
 
Because the treatment for kinetic and electron-electron repulsion energies are independent of systems. 
We can obtain the exact electron density using variational principle which is satisfy the second theorem. 
But the problem was that the explicit form of F[n(r)] is not exactly known.  
 
2.1.2 The Kohn-Sham equation 
 
To solve above problem, Kohn and Sham proposed fictitious system that non-interacting electrons 
moving in effective Kohn-Sham potential. They solved Schrödinger equation for one-electron and 
combined one-electron wavefunctions (molecular orbitals) to obtain approximate wavefunction for all 
electrons. by doing this, theoretically we can obtain exact density of interacting electrons. The Kohn-










The equation including three different potential. 𝑉(𝑟) is external potential, 𝑉𝐻 is coulomb potential 
and 𝑉𝑋𝐶 defines exchange and correlation contributions to the single-electron equation. To solve this 











Figure 1 | Crystal structure of bulk Fe3GeTe. a) and b) shows side view and top view respectively. 
 
After Maxwell established the relationship between the electric field and the magnetic field in 18657, 
it was first demonstrated experimentally with Cr2O3 that the electric field can control the magnetic 
property8. Following the discovery of Cr2O3, studies on ferroelectric originating from spin have been 
continued. Among them, the most widely known mechanism is that polarization is induced by inverse 
DM interaction in a noncollinear spin structure by magnetic frustration1, 9. The polar distortion induced 
by the collinear spin structure is rare, most of which is induced by double exchange in complex E-type 
antiferromagnetic ordering10, 11. However, we have found that polar distortion can occurs only by the 
symmetry breaking of a very simple collinear spin ordering in a low dimensional system lacking 
translation. 
We chose Fe3GeTe2 as a model system. It is a highlighted example of ferromagnetic metallic van-der 
Waals material. As Figure 1 shows, each FGT unit layer contain 3 iron layers. Top and bottom iron has 
the same Wyckoff position and the same oxidation number while the middle one has different Wyckoff 




between layers is weak and it does not have dangling bond on the surface of layer. That makes 
exfoliation easier. Fe3GeTe2 possesses unusually strong magnetic interaction proven by the one of the 
highest ferromagnetic critical temperature (> 200 K)13, 14 among van der Waals materials. In addition, 
FGT composes of three iron layers with other ligand ions with a plenty of space between tri-layers 
Therefore, we first speculated that if bonds between Fe ions could be broken (recovered) by antiparallel 
(parallel) spin configuration, Fe ions would be largely displaced perpendicular to the layers. 
The formation of a large ferroelectric by simple collinear spin ordering in a low dimensional system 
will open a new chapter in the discovery and application of new states of low dimensional materials as 
a general method applied to all two-dimensional materials. 
 
3.2 Computational details 
 
First principles calculations were performed using density-functional theory (DFT) within the 
generalized gradient approximation GGA+U method with Perdew-Becke-Erzernhof parametrization as 
implemented in the Vienna ab initio simulation package (VASP 5.4.1)15-18. We use the Dudarev19  
implementation with on-site Coulomb interaction U = 3.0 eV for Fe to treat the localized 3d electron 
states. The projector augmented wave (PAW) potentials20, 21 explicitly include 14 valence electrons for 
Fe (3p6 3d6 4s2), 14 for Ge (3d10 4s2 4p2), 6 for Te (5s2 5p4). Exchange constant calculation were 
computed in supercell with 1×2×1 primitive cell and 2×2×1 supercell used for various spin ordering 
structure calculations. A plane wave basis set with a cutoff energy of 500 eV is used. The k-point 
sampling uses the Gamma centered Monkhorst-Pack scheme22 and employs a 18×18×1 and a 9×9×1 
mesh for structure optimization of the primitive cell and the 2×2×1 supercell of Fe3GeTe2 monolayer. 
The atomic positions were optimized until the interatomic forces are smaller than 1meVÅ−1. For 
exchange constant J calculation, we used energy mapping analysis23 with general spin Hamiltonian for 
localized spin. 
H = ∑−𝐽𝑖𝑗𝑆𝑖 ∙ 𝑆𝑗
𝑖,𝑗
 
𝐸1 = 𝐸0  +  𝐸𝑜𝑡ℎ𝑒𝑟  +  𝐽12𝑆
2  +  𝐾1𝑆 +  𝐾2𝑆 
𝐸2 = 𝐸0  +  𝐸𝑜𝑡ℎ𝑒𝑟  −  𝐽12𝑆
2  +  𝐾1𝑆 −  𝐾2𝑆 
𝐸3 = 𝐸0  +  𝐸𝑜𝑡ℎ𝑒𝑟  −  𝐽12𝑆
2  −  𝐾1𝑆 +  𝐾2𝑆 
𝐸4 = 𝐸0  +  𝐸𝑜𝑡ℎ𝑒𝑟  +  𝐽12𝑆
2  −  𝐾1𝑆 −  𝐾2𝑆 
 
𝐽12 =






3.3 Result and discussion 
 
3.3.1 Spin induced ferroelectricity in FGT monolayer 
 
 
Figure 2 | Schematics of atomic displacements depending on magnetic ordering in 3 layers hexagonal 
system and DFT calculated atomic structure of Fe3GeTe2 
 
Our expectation was that symmetry breaking of spin ordering may induce structural polar 
displacement in the low dimensional magnetic materials. To confirm the idea, we used FGT mono layer 
as a practical example. Figure 2 shows Schematics of atomic displacements depending on magnetic 
ordering in three layers hexagonal system and DFT calculated atomic structure of Fe3GeTe2 monolayer. 
Red circle represents magnetic ion with up spin and blue circle represents magnetic ion with down spin. 




structure. Calculated FGT structure also shows that ferromagnetic ordering conserves its paramagnetic 
original space group of 187(P6̅𝑚2)24 which has point group of D3h . 
 
For the next, A-type ferrimagnetic spin ordering which means top and bottom iron sub lattice has A-
type AFM spin structure and middle iron sub lattice has ferromagnetic spin ordering, breaks σh 
(horizontal mirror symmetry). Therefore, we expected that the spin structure would induce z directional 
polar displacement. I will call this A-type ferrimagnetic structure just A-fri. We relaxed FGT structure 
with A-fri spin ordering and found that about 0.18 angstrom of z directional polar displacement occurred. 
the space group of FGT_A-fri structure became 156(P3m1) and the point group reduced to C3v which is 
polar since horizontal mirror symmetry was broken by spin ordering.  
 
The last one is G-type antiferromagnetic spin ordering. Strictly speaking, it is not G-type AFM. It 
cannot have G-type AFM spin structure because it has trigonal lattice system. But I will just call it G-
AFM since if we see the top and bottom iron sublattice, it looks like G-type AFM in some sense. Figure 
2 will help understanding spin ordering of FGT. We expected appearance of in-place and out of plane 
polar displacement since G-AFM spin ordering breaks two σv (vertical mirror symmetry) as well as σh. 
After relaxation of FGT structure with G-AFM spin ordering, the relaxed structure showed about 0.1 
angstrom of z directional polar displacement and 0.2 angstrom of xy directional polar displacement. the 
symmetry of FGT_G-AFM relaxed structure reduced very much, the space group became 8(Cs-3) and 
point group became Cm since two σv and σh were broken by spin ordering. Those results are consistent 





Figure 3 | Skimatics of various spin ordering and the total energy difference of the phases compare to 
ferromagnetic groud state energy. 
 
We also tried many other spin orderings on FGT system in addition to the above three and confirmed 
that the symmetries of atomic displacements were depending on the symmetries of spin ordering.  
Atomic displacements appeared for all the spin ordered structures different from ferromagnetic ground 
state structure. But nonpolar spin ordering induced only nonpolar atomic displacements. For example, 
in case of fri-centro spin ordering which has ferromagnetic relation between Top iron and Bottom iron 
and antiferromagnetic relation between Top iron and Middle iron, it also shows atomic displacement 
after relaxation of the structure. But the displacement is nonpolar and only the thickness of the layer 
increase. Figure 3 shows the various spin ordering what I have tried and their energy difference from 
ferromagnetic ground state structure. As is well known, Ferromagnetic structure has lowest energy and 




3.3.2 Origin of the polar displacements 
 
3.3.2.1 Microscopic origin 
 
 
Figure 4 | The origin of the strong coupling between polar distortion and spin structures. Top figures 
shows that exchange interaction of FM and A-fri and bottom figure shows simplized density of state 
of Fe3GeTe2, Mn3GeTe2 and Cr3GeTe2. 
 
We confirmed our prediction of the emergence of polar displacement through symmetry breaking 
induced by spin ordering. From now on, I will explain the microscopic origin of the movement of each 




displacement. If we compare this displacement to that of BiFeO3, which is well known ferroelectric 
materials, the polar displacement is about 10 times of BiFeO325.  
To understand this phenomenon, Firstly, we must understand exchange interaction of FGT. In Figure 
3, A-fri spin ordering is used as a simplest spin ordering which induce polar displacement to explain 
the origin. The red arrows penetrate Fe ions represent majority spin and the blue arrows penetrate Fe 
ions represent minority spin. The dash lines between irons represents direct exchange paths which 
connect two magnetic ions directly and the dotted lines represent super exchange paths which connect 
two magnetic ions through mediated ion. All the different color of lines represents different exchange 
interactions. As the figure shows, FGT has a lot of different exchange paths between magnetic Fe ions. 
Among them, the strongest exchange interaction is a double exchange interaction. The interaction 
between top iron and middle iron and between bottom iron and middle iron which denoted by thick red 
lines. Because the oxidation number of middle iron is assumed as 2+ and that of top and bottom iron is 
assumed as 3+, middle iron has d6 electronic structure and top and bottom iron has d5 electronic 
structure12. To make the electron hoping from the d6 state of middle iron to d5 state of top and bottom 
iron possible, the double exchange interaction strongly favors ferromagnetic relation between them. In 
case of A-fri spin ordering, the double exchange path between middle iron and bottom iron is broken 
since electron hopping is prohibited by the Pauli exclusion principle. Figure 3 shows schematics of that 
and orbital picture. As a result, to relieve the penalty of anti-parallel double exchange interaction, 
structural distortion occurs. the distance between middle iron and bottom iron is increased and the 
distance between top iron and middle iron is decreased.  
Table 1 shows the result. After relaxation with A-fri spin ordering, Fe-top moves about 0.075 Å  to -
z direction, Fe-bottom moves 0.113 Å  to -z direction and Fe-middle moves about 0.125 Å  to z direction. 
It is consistent with above idea. 
As I mentioned before, the displacement induced by spin ordering is very huge in FGT system 
compare to typical spin driven ferroelectric materials. Firstly, dimensionality can be responsible for the 
huge displacement because a plenty of space boosts up atomic displacement in low dimension. But it 
cannot explain huge force that emerge from change of spin ordering without lattice relaxation. To 
understand the reason of huge force, I investigated the effect of transition metal in FGT system. I 
substitute Fe to other transition metals such as Cr and Mn and checked the force difference between 
ferromagnetic and A-fri state with ferromagnetic relaxed structure. The result is that Mn3GeTe2 shows 
very small force and Cr3GeTe2 shows force about half of Fe3GeTe2. By analyzing their density of state, 
firstly, we found out that the energy levels of atoms are similar so orbital hybridization is large in FGT 
system. Secondly, FGT has a lot of spin minority d state above and below the fermi level and the gap 




for neither majority and minority part of dos. For Cr3GeTe2 case, it has some spin majority d states that 
can interact each other. These results tell us that d states near above and below the fermi level and the 
small gap between them contribute to strong interaction between middle iron and top or bottom irons 
and that makes J2 very strong. 
 
    FM A-fri Displacement(Å ) 
  thickness 5.386 5.500 0.114 
Position 
(Cartesian) 
Fe-Top 5.5143 5.6169 -0.075 
Fe-Bottom 2.7043 2.7689 -0.113 
Fe-Middle 4.1093 4.4119 0.125 
Ge 4.1093 4.3068 0.020 
Te1 6.8022 7.0580 0.078 
Te2 1.4162 1.5582 -0.036 
magnetic 
moment 
Fe1 3.109 3.206  
Fe2 3.109 -3.252  








0.00 67.60  
Table 1 | Atomic displacement and magnetization of A-fri phase compare to FM phase. It shows both 
polar displacement and non-polar displacement. 
 
In addition, I calculated exchange interaction constant J1 between top iron and bottom iron, J2 
between top iron and middle iron and J5 between top iron and top iron(in-plane). Each exchange 
constant is affected by many different exchange paths. For example, J1 is affected by at least two 
exchange paths. One is direct exchange and the other one is super-exchange mediated by Germanium 
ion. The direct path was thought to favor antiferromagnetic relation but 7.7meV of J1 value means that 
it weakly favors ferromagnetic relation. Therefore, I think the super-exchange path mediated by 
Germanium may favor ferromagnetic relation and the competition of both paths makes the J1 smaller 
compare to J2 (35.9meV). 
In-plane exchange interaction is more complicated because it has triangular lattice and so many 
different paths exist. Since it is too difficult to consider all the interaction, I will just discuss only some 




iron and top iron that mediated by Te ion and thick green line represents one of super-exchange path 
between middle iron and middle iron that mediated by Ge ion. The orbital picture of figure 4 is 
applicable for both paths. It shows that the super-exchange path favors antiferromagnetic relation 
because two electrons must have different spins to share the same p orbital based on Pauli exclusion 
principle. Besides, many super-exchange paths exist. Super-exchange path generally favors 
ferromagnetic relation or antiferromagnetic relation depending on interacting orbital and angle between 
the path. The calculated J5 value is -2.2meV and it means that sum of the effects of all the exchange 
interactions between top iron and top iron very weakly favors antiferromagnetic relation. The 
competition of many different exchange interaction can be responsible for the such a small value. 
In-plane exchange constant J5 which favors antiferromagnetic relation explains that G-AFM structure 
is energetically more stable than A-fri structure. 
 
 
Figure 5 | The crystal structure of Fe3GeTe2 with multiple exchange paths and electronic state of atoms. 
The indirect exchange path via the intermediate ligands, Ge4- and Te2-, denoted as J3 and J5. The 
electronic configuration figure shows that this exchange interaction favors the antiferromagnetic 




3.3.2.2 Macroscopic origin 
 
Here we will confirm the idea that symmetry breaking of spin ordering may induce structural polar 
displacement in the low dimensional magnetic materials more clearly by using group theoretical 
analysis. Firstly, we will start with the simplest A-fri spin ordering. 
 
Fri f a c pz Ε 
𝜎ℎ̂ 1 1̅ 1 1̅ 1 
















Table 2 | Order parameters and symmetry considering character table for A-fri phase. the first, second 
and third row of basis functions that related to spin ordering represent sign of spin of top, middle and 
bottom iron respectively. 
 
f : ferromagnetic relation between top iron and bottom iron 
a : antiferromagnetic relation between top iron and bottom iron 
c : ferromagnetic relation between middle irons 
Pz: z-directional polar displacement 
ε : z-directional non-polar displacement (strain) 
 
In Table 2, the first row represents order parameters of A-Fri structure and the first column represent 
symmetry operations. Since A-fri break horizontal mirror plane and spin breaks time reversal symmetry, 
the two symmetry operations appear on the table. The table shows that whether each order parameter is 
invariant for the symmetry operations or not. For example, the characters of f, a and c order parameters 
are all -1 for time reversal symmetry since those three order parameters are related spin and spin breaks 










Now we can write down landau free energy equation. Only these below terms are group theoretically 
allowed coupling 
 










+ 𝐶33(𝑓 ∙ 𝑐 ∙ ε) 
 
Force = F = - 
∂G
∂P
|P=0    →  𝐹 = 𝐶31 ∙ 𝑎 ∙ 𝑐 + 𝐶32 ∙ 𝑓 ∙ 𝑎 
And the dipolar force can be obtained by differentiating free energy with polarization. By using this 
equation, we can finally obtain the force difference between ferromagnetic spin ordering and 






Table 3 | The values of spin related order parameters for ferromagnetic and A-fri spin ordering. 
 
As table 3 shows, f and a order parameters of ferromagnetic spin ordering is 1 and 0 and that of A-fri 
spin ordering is 0 and 1. c order parameter is 1 for both case. If we assign the values into above equation, 
we can get below result. 
 
∆F = F(A − fri) − F(FM)  =  𝐶31 ∙ 𝑎 ∙ 𝑐 – 0 = 𝐶31 ∙ 𝑎 ∙ 𝑐 
 
The result clearly shows that the emergence of dipolar force is related to only the coupling of 






 f a c 
FM 1 0 1 




For the next, we will apply group theory to the more complicated spin ordering G-AFM. For this case, 
we must consider in-plane spin ordering as well. 
 
 Ff Fa Af AA CF CA pz pxy Ε 
𝜎ℎ̂ 1 1̅ 1 1̅ 1 1 1̅ 1 1 
?̂? 1̅ 1̅ 1̅ 1̅ 1̅ 1̅ 1 1 1 
𝜎𝑣1̂ 1 1 1̅ 1̅ 1 1̅ 1 1̅ 1 

































































































 upolar_Z upolar_xy unonpolar 
Table 4 | Order parameters and symmetry considering character table for G-AFM spin ordering. The 
first, third and fifth row of basis functions that related to spin ordering represent signs of spin of top, 
middle and bottom iron respectively. The second, fourth and sixth row also represent signs of spin of 
top, middle and bottom iron respectively but they are different from previous ones. They are next to the 
previous one. Therefore the new order parameters can represent in-plane AFM spin ordering as well as 
out of plane AFM spin ordering. 
 
D3h E 2C3 3C2 σh 2S3 3σv   
Ａ
１
′ １ １ １ １ 1 1  ｘ2+y2,ｚ2 
Ａ
２
′ １ １ －１ １ １ －１ Rz  




′′ 1 1 １ －１ －１ －１   
Ａ
２
′′ １ １ －１ －１ －１ １ z  
Ｅ′′ ２ －１ ０ －２ １ ０ (Rx,Ry) (xz,yz) 




 E 2C3 3C2 σh 2S3 3σv  ?̂? 
AA ２ －１ ０ －２ １ ０ Ｅ′′ -1 
CA ２ －１ ０ ２ －１ ０ Ｅ′ -1 
Pxy ２ －１ ０ ２ －１ ０ Ｅ′ 1 
Pz 1 1 １ －１ －１ －１ Ａ
2
′′ 1 
Table 6 | Characters of non-zero order parameters considering symmetry operation of D3h point group. 
Table 7 | The values of spin related order parameters for ferromagnetic and G-AFM spin ordering. 
 
For FM, force is zero and non-zero order parameter for GAFM is only AA, CA, Pxy, Pz and ε. But we 
don’t consider ε since it is totally symmetric. 
We have to consider that AA, CA, Pxy is doubly degenerated. 
We can match up the order parameters with the irreducible representation of D3h which is point group 
of PM FGT. AA, CA, Pxy, Pz are match with E’’, E’, E’, A2’’ respectively. Since AA and CA has minus 
sign for time-reversal symmetry, allowed combination of them should be even order product of AA and 
CA. Therefore, if we consider only quadratic order for magnetic order parameter, there are only these 3 
possibilities (AA)2, (CA)2, (AA)*(CA). And the symmetric representation is E’’ × E’’ , E’ × E’ and 
E’ × E’’ 
and each of them can be decomposed in this way 
 
E’’ × E’’ = 2A1’+2A2’ +2E’ 
E’ × E’ = 2A1’+2A2’ +2E’ 
E’ × E’’ = 2A1’’+2A2’’+2E’’ 
 
Therefore, symmetrically allowed terms for AA, CA, Pxy, Pz are 
(AA)*(AA)*(Pxy), (CA)*(CA)*(Pxy) and (CA)*(AA)*(Pz) 
Then the dipolar force for Pz is proportional to the coefficient of (CA)*(AA) and it is consistent with 
Fri case. And the dipolar force for Pxy are arise from both of (AA)*(AA) and (CA)*(CA) coupling. 
 
 
 Ff Fa Af Aa CF CA 
FM 1 0 0 0 1 0 




3.3.3 Achieving ferroelectric phase by strain engineering 
 
Even though we found out that spin ordering can induce polar displacement, there still is a problem 
using a ferroelectric phase of FGT. Originally the ground state of FGT is ferromagnetic non-polar phase 
and we already showed that strong double exchange interaction between Fe2+ and Fe3+ stabilize 
ferromagnetic phase. It means that when we change the spin ordering, it becomes energetically unstable 
by the ferromagnetic exchange interaction. Since atomic displacements relive the effect, the energy 
differences between ferromagnetic structure and other spin ordering structures are reduced. As figure 2 
shows, G-AFM structure has the lowest energy close to ferromagnetic structure energy among the spin 
ordering that induce polar displacement. The energy difference between them is about 25meV/Fe ion. 
This value is small enough to overcome with some engineering.  
 
 
Figure 6 | Total energy of various spin induced structures where unstrained ferromagnetic ground state 
energy is set to zero. Calculation were performed at integer strain and interpolated.  
 
We used strain engineering to stabilize the G-AFM phase. The reasons of that are first, the 2d material 
is much more flexible than the 3d material and second, the exchange constant J that determining the 
magnetic state is changed depending on distance and angle between ions and we can modulate the 
distance and angle using strain engineering. Figure 6 is a graph that shows total energy of various spin 
ordering structure as bi-axial compressive strain is applied where unstrained ferromagnetic ground state 




than ferromagnetic spin ordered structure. But with compressive strain, the energy difference between 
other spin structure and FM structure get smaller because total energy is increased rapidly for FM 
structure compare to others. As a result, ground state is changed from ferromagnetic to G-AFM with 
7 % of biaxial strain. 
 
Figure 7 | Top graph : total energy difference between G-AFM spin induced structure and ferro 
magnetic nonpolar structure, Bottom graph : atomic displacements of each atoms as compresive strain 
applied. 
 
The first graph of figure 7 shows that more clearly. Red line represents total energy of G-AFM 
structure compare to ferromagnetic structure depending on strain and the lines cross about 7% of strain. 
It means that the phase transition at 7% of strain. The next graph is atomic displacements of each atoms 
of FGT depending on strain. Bold lines represent displacements of ground state and dotted line means 
that it is not ground state displacement. Red, blue, green and magenta colors represent top iron, bottom 
iron, middle iron and germanium of G-AFM structure respectively. Square symbol represents in-plane 
displacement and star symbol represent out of plane displacement. Below the critical strain, the ground 




FM to G-AFM, atomic displacement appears. If we have a look only z-directional displacement, top 
iron and bottom iron go up and down respectively and they may cancel most of each other’s impact 
because they have same sign of charge. Therefore, it is close to non-polar displacement. middle iron 
and germanium ion go opposite direction as well, but they have opposite sign of charge, so their 
movements mostly contribute polarization. It makes sense that the in-plane displacement gets smaller 
and out of plane displacement gets larger because we applied biaxial compressive strain. 
 
Figure 8 | Appearance of polarization and disappearance of mangnetization with phase transition from 
FM to G-AFM 
 
When ferromagnetic to G-AFM phase transition occurs, the structure changes nonpolar to polar so 
the polar displacement and polarization appears and simultaneously magnetization goes to zero. Figure 
8 shows the calculated polarization and magnetization depending on strain.  
At the critical region, about 7% of compressive strain, we can expect that magnetic field would drive 
FGT to ferromagnetic non-polar phase and electric field would drive that to polar G-AFM phase because 
the energy difference between two phases are very small.  
In addition, we found out that uniaxial strain stabilizes G-AFM phase more effectively. By using 




The polarization here is calculated with just nominal charge. If we calculate the polarization with bon 
effective charge, the polarization value will be much smaller than this. I will update the data. Because 
FGT is metal and most of charge is screened by free electron, bon effective charge is very small. That 





In this study, the idea that symmetry breaking of simple collinear spin ordering can induce structural 
polar displacement in the low dimensional magnetic materials is confirmed with a practical example, 
FGT mono layer.  
FGT is composed of strong covalent bonding between atoms. Since the energy levels of atoms are 
similar and there are many states that can interact with each other above and below the fermi level, it is 
expected that the magnetic interaction will be greatly changed by phonons. Means that spin-phonon 
coupling will be large. We have shown that, in materials with an odd number of magnetic layers, and 
with strong covalent bonds of constituent atoms, such as FGT, spin-phonon coupling results in the 
formation of a giant polar distortion (~0.2Å) in various antiferromagnetic meta states where translation 
cannot be compensated. This order is much larger than the normal spin origin polar distortion (~ 0.01Å) 
and even larger than the polar distortion of conventional ferroelectric materials such as BaTiO3 and 
BiFeO3. It is expected that not only FGT but also materials with strong bonding between atoms and 
low-dimensional characteristics of two-dimension and odd layers can exhibit a huge polar distortion 
due to change of magnetic state. These large polar distortions produce sizable ferroelectricity (~ 0.1 μC 
/ cm2) despite of the metallicity. and the meta-energy state which have polar structure produced by 
change of magnetic state is achieved with a uniaxial strain of about 5%. 
This study not only extends the design principles that can be used to develop multiferroics, but also 
enable wider variety of application of multiferroics by adding degrees of freedom such as low dimension 
and spin4, 26. In addition, the formation of ferroelectrics by magnetism in low-dimensional systems will 
open a new chapter in the discovery and application of new states of low-dimensional materials as a 












DRAM which is the memory device widely used now already faced physical and material limitations 
and it is difficult to expect further improvement in performance. In addition, the need for new devices 
that have the advantages of high density, ultra-high speed, and ultra-low power consumption which 
appropriate for the forthcoming fourth revolution is more emphasized. FeRAM is one of the candidates 
for the new memory device27. FeRAM stores data 0 and 1 as up polarized state and down polarized state 
while DRAM store data 0 and 1 as a lack and presence of charge. Multistate material is useful for this 
kind of device. If the material has two different ferroelectric state, it can store double of single state 
device because the data can be stored as +P1, -P1, +P2, -P2 not just +P and -P. Multistate material can 
also be used for neuromorphic applications since neuromorphic device requires multiple inputs at once. 
In this context, it is important to find intrinsic multistate materials. 
 
.  
Figure 9 | The Simplest candidate structure of GeSnTe2. Yellow arrow represent polar displacement. 
 
Our design idea is that making multistate materials by giving structural anisotropy to the single state 
ferroelectric material. Many computational researches had predicted in-plane ferroelectricity and 




previous researches even expected the possibility of room temp ferroelectricity of SnSe30. Not only 
theoretical research, in SnTe monolayer, ferroelectricity was experimentally observed with a critical 
temperature of 270K5. But for all the previous researches, the polarized state is only one since x 
directional and y directional polarization is not distinguishable. It because the phosphorene analogues 
do not have in plane structural anisotropy. To make the anisotropic structure, we mixed GeTe and SnTe 
which are experimentally confirmed as a ferroelectric material5, 6. Figure 9 shows the simplest phase of 
GeSnTe2. For normal phosphorene analogues, the same cation located both germanium and tin sites. 
The yellow arrow represents polar displacement. This simple phase does not show in-plane anisotropy, 
but other phase gives the anisotropy and split a directional and b directional polarized state. Here we 
confirmed that a directional polarization and b directional polarization have different value in GeSnTe2 
system. Not only GeSnTe2, a lot of phosphorene analogues can be a candidate. Our simple approach 




4.2 Computational details 
First principles calculations were performed using density-functional theory (DFT) within the 
generalized gradient approximation GGA method with Perdew-Becke-Erzernhof parametrization as 
implemented in the Vienna ab initio simulation package (VASP 5.4.4). The projector augmented wave 
(PAW) potentials20 explicitly include 14 valence electrons for Ge (3d10 4s2 4p2), 14 for Sn (3d10 4s2 4p2), 
6 for Te (5s2 5p4). All the calculations were operated with HSE03 method and HSE calculations were 
carried out using the PBE potential31-33. A plane wave basis set with a cutoff energy of 450 eV is used. 
The k-point sampling uses the Monkhorst-Pack scheme22 and employs a 6×6×1 and a 3×6×1 mesh for 
structure optimization of the primitive cell and the 2×1×1 supercell of GeSnTe2 monolayer. The atomic 
positions were optimized until the interatomic forces are smaller than 1meVÅ−1. Polarization values are 
calculated with nominal charges, +2, +2, -4 of Ge, Sn, Te 
Activation barrier for the polarization switching of GeSnTe2 is was calculated by nudged elastic band 










4.3 Result and discussion 
 
4.3.1 Finding ground state structure of GeSnTe2 
 
 
Figure 10 | The lowest energy structure that placed on the top and other different candidate structure 





GeTe and SnTe is experimentally synthesized. Therefore, their actual structure was already analyzed. 
But GeSnTe2 is imaginary material that haven’t been experimentally synthesized yet. So, firstly, we 
need to find out the mixed structure of GeSnTe2. To define the ground phase of GeSnTe2, we made three 
candidate structure and compared total energy of each structure.  
Figure 10 shows the ground state structure and other candidate structure. All the structures are 
polarized. Depending on the mixing pattern, polar displacement pattern is also changed. Among the 
three candidates, structure1 and structure2 has in-plane isotropic structure and only structure2 has in-
lane anisotropy. Fortunately, the ground state structure was structure2 that SnTe and GeTe is alternately 
connected along a direction and thereby has anisotropy. The energy difference between structure1 and 
structure2 is 35meV/f.u. and that between structure3 and structure2 is 20meV/f.u. From this result, we 
can consider that mixing with keeping the original structure of SnTe and GeTe is energetically more 
stable. 
 
4.3.2 Two different polarized phases of GeSnTe2 
 
Figure 11 | a-directional and b-directional polarized phase of GeSnTe2 and their polarizations.  
 
In the previous section, we showed that the ground state phase of GeSnTe2 has in-plane anisotropy. 
Therefore, we can expect that a-directional polarization and b-directional polarization of GeSnTe2 is not 
the same anymore. Figure 11 shows that a-directional polarized structure of GST and b-directional 
polarized structure of GST. Polar displacement pattern of a-directional polar phase directly toward a 
direction. But that of b-directional polar phase toward diagonal direction and a component of the 
polarization canceled each other. The calculated polarizations are 12.434μC/cm for a direction and 




4.3.3 Energy barrier for polarization switching _NEB(nudged elastic band) 
































Figure 12 | Barrioer energy of direct path from -Pa,-Pb phase to +Pa,+Pb phase for polarization switching 
obtained from NEB calculation.  
 
For the next, we obtained energy barrier of direct path from -Pa to Pa and -Pb to Pb through NEB 
calculation. The result is in the figure 12. The barrier of Pa is about 40meV/f.u. and that of Pb is about 
60meV/f.u. This value is comparable to other switchable ferroelectrics. The gap between the red line 
minimum and black line minimum comes from total energy difference between Pa phase and Pb phase. 
Since Pb phase has lower energy, we must apply a directional electric field to stabilize Pa phase.  
We also guessed that the polarization switching would be easier if the polar phase change from -Pb to 
Pa to Pb. Because the in-plane rotation can avoid a large energy destabilization of direct path. Figure 13 
shows the result. The rotation path from -Pb phase to Pb phase that stop by Pa phase reduce energy barrier 





Figure 13 | Barrioer energy of rotational path from -Pb phase to +Pa phase to +Pb phase for polarization 




We confirmed the design idea that making multistate materials by giving structural anisotropy to the 
single state ferroelectric material with model system GeSnTe2. To make the anisotropic structure, we 
mixed GeTe and SnTe which are experimentally confirmed as a ferroelectric material. Because GeSnTe2 
is imaginary material that haven’t been experimentally synthesized, yet we made three candidate 
structure and compared total energy of each structure to define the ground phase of GeSnTe2. From the 
calculation, we figured out that SnTe and GeTe is alternately connected along a-direction in the mixing 
structure that has lowest energy since mixing structure tend to keep the original structure of SnTe and 
GeTe. We assumed that the lowest energy structure as a ground state structure of GeSnTe2. For this 
anisotropic mixing structure, a-directional polarization and b-directional polarization of GeSnTe2 is not 
the same anymore. The calculated polarizations of the mixing structure are 12.434μC/cm for a-direction 
and 13.344μC/cm2 for b-direction. Also, the barrier energies are different as well. That of Pa is about 
40mev/f.u. and that of Pb is about 60meV/f.u. It means that GeSnTe2 has two different polarized state. 
This two different polarization values and barrier energies of a-directional and b-directional polarized 
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